Accurate and rapid particle tracking is essential for addressing many research problems in single molecule and cellular biophysics and colloidal soft condensed matter physics. We developed a novel three-dimensional interferometric fluorescent particle tracking approach that does not require any sample scanning. By periodically shifting the interferometer phase, the information stored in the interference pattern of the emitted light allows localizing particles positions with nanometer resolution. This tracking protocol was demonstrated by measuring a known trajectory of a fluorescent bead with sub-5 nm axial localization error at 5 Hz. The interferometric microscopy was used to track the RecA protein in Bacillus subtilis bacteria to demonstrate its compatibility with biological systems.
Accurate and rapid particle tracking is essential for addressing many research problems in single molecule and cellular biophysics and colloidal soft condensed matter physics. We developed a novel three-dimensional interferometric fluorescent particle tracking approach that does not require any sample scanning. By periodically shifting the interferometer phase, the information stored in the interference pattern of the emitted light allows localizing particles positions with nanometer resolution. This tracking protocol was demonstrated by measuring a known trajectory of a fluorescent bead with sub-5 nm axial localization error at 5 Hz. The interferometric microscopy was used to track the RecA protein in Bacillus subtilis bacteria to demonstrate its compatibility with biological systems. Optical microscopy is one of the most common and useful tools to study biological systems. Optical imaging is facile, rapid, and (relatively) nondestructive, which allows in vivo measurements of living cells and organisms [1] . The ability to track and monitor individual particle movement in real time is one of the most crucial tools to gain information and shed light on a variety of open biological questions [2, 3] . There are, however, two main limitations in pursuing ideal three-dimensional (3D) tracking: one is the modest optical resolution that limits the ability to localize the particle in space; and the other is accessing axial information by scanning the sample in the Z -axis direction, which degrades the time resolution.
The spatial resolution of a conventional optical microscope is fundamentally limited by the wavelength and the numerical aperture (NA) of the objective lens [4] . While shorter wavelengths improve the resolution, the approach is limited by the transparency of the optical elements and the biological materials themselves. Additionally, short wavelength illumination increases phototoxicity in live samples [5] . As for improving the NA, the light collecting angle is close to its practical maximum in modern commercially available objectives, so little room is left for further improvement. Other approaches such as computational deconvolution [6, 7] , multiphoton microscopy [3, 8] , and confocal [1] and light sheet microscopy [9, 10] have improved the lateral resolution and to lesser degree the axial resolution.
Nevertheless, axial resolution remains unsatisfactory because a conventional lens only collects a hemispherical wavefront propagating from the sample toward the lens and cannot collect angles on the "back side" of the sample. If an imaging system could produce a complete spherical wavefront, the focal point, due to symmetry, would be (nearly) spherical, resulting in axial resolution that is similar to its lateral counterpart [11] . Expanding the detection to collect emission in both axial directions is equivalent to increasing the aperture angle of the system [12] . In addition, light collection in opposing directions and with two detectors doubles the number of photons collected, but also implementing interferometry would make it the dominant determinant of the axial resolution.
Beyond improvement of the aperture angle, when the optical path lengths of the two axial imaging paths of the microscope are within the coherence length, the two beams of light interfere with each other at the detector. Since the phase of the resulting interference pattern is highly sensitive to the position of the emitter, high resolution information in the axial direction is embedded in the interference fringes. Illuminating from both sides increases the contrast by creating an interference pattern in the illumination as well. Encoding high frequency spatial information in the interference fringes is the key principle for widefield I 2 M∕I 5 M [13] and in spot-scanning 4Pi microscopy [14] , providing up to sevenfold improvement in axial resolution [15] . Shtengel et al. [16] recorded three phase-shift images in an interferometric microscope using a three-way beamsplitter allowing single-shot measurement of a particle's 3D position with sub-20-nm localization. Recently, Wang et al. [17] used small modifications of the path length of one of the arms in an interferometric microscope to scan over different phases, achieving 2 nm localization at 1 Hz.
To avoid the need for Z scanning, Ram et al. [18] developed multifocal microscopy recording more than one plane at a time. The use of a diffractive-optic element [19] allows capturing an entire 3D focal stack that can be recorded in a single exposure of the camera (at the expense of the X Y field of view). Abrahamsson et al. [20] successfully used this method for tracking RNA polymerase II at the optical diffraction limit. Fourier-based structured illumination sensing [21] as well as double-helix [22] and tetrapod [23] engineered point spread functions (PSFs) localize particles beyond the diffraction limit but may be overwhelmed by overlapping particles in dense samples.
Welsher and Yang [24] demonstrated sub-10-nm tracking resolution in three dimensions by actively keeping the sample in the same position using active feedback and a 3D piezo nanopositioner. While the results are impressive, this approach can only track a single particle at a time.
In this paper we show how the two main limitations, the need to scan along the Z plane and the microscope's axial resolving power, can be overcome using an interferometric microscope.
Our setup, shown in Fig. 1(a) , is an in-house built I 2 M∕I 5 M microscope based on the design reported by Gustafsson et al. [13] . For I 5 M, the illuminating incoherent light-emitting diode (LED) light (Thorlabs; M490L4) was split into two equal intensity beams by a beamsplitter. Each beam is sent to one of two opposing objective lenses (Olympus; UPLSAPO60X) and focused to the same focal plane where the fluorescent sample is mounted. The sample-emitted fluorescence is collected by the same opposing objectives to form magnified images that are combined by the same beamsplitter. The result of the two outputs of the interferometer are imaged and recorded by two electron-multiplying CCD (EM-CCD) cameras (Andor; iXon 888). In the I 2 M configuration the illuminating incoherent LED light is sent through only one of the objectives, but the collection is the same as in the I 5 M. After loading the sample, a waiting period (∼1 h) is required in order for the microscope to achieve passive stability. At that time the microscope maintains 20 nm (20 nm = 0.2 rad) phase stability for 1 h of measurement time, which is adequate since each data set takes only 1-3 min to acquire.
Figure 1(b) shows the Y Z plane of the PSF of the I 2 M microscope measured by scanning a 100 nm diameter fluorescent bead along the axial direction with 10 nm steps. A Z -cut through the center of the PSF image [white dashed line in Fig. 1(b) ] is shown in Fig. 1(c) . The I 2 M PSF exhibits a clear interference pattern that contains the high resolution information.
High position localization information is extracted from the intensity modulations of the optical interference, which depends on the position of the particle between the two objectives. Wang et al. [17] used this strong dependence in order to study E. coli RNA by continuously scanning the phase of the standing wave, thus effectively scanning the sample without moving it.
We found that this localization problem can be simplified further. In practice, achieving interferometric resolution in the axial axis only requires two phase measurements with π∕2 shift between them. Mathematically the interference is sinusoidal; thus particle localization within one wavelength simply involves calculating the phase. However, because sine is not an injective function, measuring the amplitude at one position of the sample is not enough to uniquely establish the particle location. Rather, measuring the interference intensity at two phases with π∕2 shift between them, namely, measuring sinφ and sin90 φ [equivalent to measuring sinφ and cosφ], is sufficient. Dividing the two measurements results in a tangent function, which is injective, from which φ can be readily extracted. In order to record two measurements with the desired shift between them, we changed the path length of one of the arms in the microscope with a π∕2 shift of the standing wave and performed this repetitively in a square wave fashion throughout the measurement.
To demonstrate the method, the integrated intensity emitted from a fluorescent bead adhered to a glass coverslip was measured as a function of the bead position while moving the bead axially between the objectives. The data, separated into the two phases [sinφ and sin90 φ functions], is presented in Fig. 2(a) . Due to intensity variation along the microscope focus that can be seen in the gradually changing shape in Fig. 2(a) , background noise, and readout offset, we found that using a single camera is not sufficient to accurately determine φ. This issue can be solved by adding a second camera and measuring the second output of the beamsplitter [see Fig. 1(a) ]. At first glance, the second camera does not add any additional information as a π shift is inherent between both cameras; if camera 1 measures sinφ, camera 2 will measure sinπ φ − sinφ, as demonstrated in Fig. 2(b) . Nevertheless, subtraction of the second camera output doubles the amplitude (doubles the number of photons detected) and eliminates the undesired offset, giving a signal that is symmetric around zero [see Fig. 2(c) ]. The latter increases the accuracy of position determination by reducing the number of variables required to describe the function. Figure 2(c) demonstrates the intensity of both phases as a function of bead position; the ratio between those two phases is displayed in Fig. 2(d) . The resulting phase as extracted by applying the arctangent function on this ratio is shown in Fig. 2(e) .
Since the phase is expected to change linearly with the position of the particle, we could use this to determine the accuracy and error of particle tracking. Figure 3 is a calibration curve to extract the relation between the phase and the sample position. From the slope we determined that translation of 109 1 nm is equal a full π shift, as expected from the emission wavelength in water (n 1.3) and the PSF interference pattern in Fig. 1 .
The relation between the measured phase and the true position determined from the calibration curve was then used to track a fluorescent bead that was moved by a piezo translator in a triangular waveform over 0.5 μm in the axial direction. We applied the aforementioned algorithm to extract the bead's axial position. The result is compared with the true value given by the piezo translator's internal encoder as shown in Fig. 4(a) . The results demonstrate that the system can track the motion of the beads with standard error of 4 nm in the localization measured at 5 Hz. To demonstrate 3D tracking, the orientation of the translator that held the sample was slightly altered so the movement along the Z axis was accompanied by small movements along the X and Y axes. The resulting X Y tracking is presented in Fig. 4(b) . The localization in the X Y plane was achieved by 2D Gaussian fitting to find the particle position in every frame [25] . As the true position of the particle in X Y is unknown but linearly proportional to the known Z position, the error in the equatorial plane was estimated under the assumption that the periodic motion of the fluorescent bead repeats its path identically and any deviation in the value measured is a result of localization error. Under this assumption the standard error is measured from the deviation from a linear fit. The distributions of the individual axes' residuals are shown in Figs. 4(c), 4(d) , and 4(e) along with Gaussian fits. The final 3D trajectory of the bead is presented in Fig. 4(f ) . 3D localization of a single fluorescent bead immobilized on a coverslip at an acquisition rate of 5 Hz is presented in Visualization 1.
In order to demonstrate the ability to track and record the trajectory of several particles simultaneously, we measured a sample containing 100 nm diameter fluorescent beads in 80% glycerol solution. Figure 5 We demonstrate the interferometric tracking method on a biological system by imaging and tracking the fluorescence from a RecA-green fluorescent protein (GFP) fusion in Bacillus subtilis. RecA protein has an essential role in the repair and maintenance of bacterial DNA [26] by promoting homologous DNA strand exchange through formation of a dynamic nucleoprotein filament [27] . During spore formation, RecA also forms transient and mobile foci associated to the nucleoid of the mother cell during spore development [28] . The RecA-GFP fusion protein complex constitutes a single spot in each bacterium. Figure 6 presents a 3D trajectory of two RecA-GFP complexes (in two cells) during spore development. These two trajectories were determined using the method described previously from measurements presented in Supporting Information Visualization 3. Contrary to the fluorescent bead, the results reveal that the movement of RecA is not Brownian in nature, covering a large percentage of the available cell volume in less than 5 s. In addition, the mean square displacement (MSD) reveals a clear subdiffusive dynamic (α 0.65), a value similar to the one previously measured for m-RNA in bacteria [29] .
We presented a new method for super resolution 3D particle tracking without the need for sample scanning based on repetitive phase shifting in an interferometric microscope. The ability to localize a particle to within 4 nm in all dimensions was demonstrated as well as concurrent 3D localization of multiple particles over a large field of view and the capability to track moving fluorescent proteins in live bacteria. Therefore interferometric microscopy combined with a new data analysis algorithm enables fast and reliable particle tracking with superior resolution.
While the interferometric periodic modulation method presented here provides a fast and powerful option for super resolution 3D particle tracking, it still has one experimental challenge that needs to be addressed. As the interference is a periodic function, the algorithm always assumes that the particle movement was the shortest distance required to reach the new phase. For example, if the particle moves by 3∕2π between measurements, the algorithm will assume that it moved by −π∕2. Thus, the system cannot accurately measure positions of particles that move further than half the wavelength between measurements. As the main limitation regarding frame rate is the need to change the path length of one of the arms between measurements (the piezo translator, carrying the 2" dia. turning mirror, requires ∼0.1 s to reach and stabilize at the new position), we are currently working on a "solid state" approach that will have the ability to record all four phases in a single shot.
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